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Abstract 26 
Objectives 27 
To discuss how hypoxaemia might be harmful and why the horse is particularly 28 
predisposed to developing it. To review the strategies that are used to manage 29 
hypoxaemia in anaesthetised horses, to describe how successful these strategies are and 30 
the adverse events associated with them. 31 
Databases used 32 
Google Scholar and PubMed using the search terms – horse; pony; exercise; 33 
anaesthesia; hypoxaemia; oxygen; mortality; morbidity; ventilation perfusion mismatch. 34 
Conclusions 35 
Although there is no evidence that hypoxaemia is associated with increased morbidity 36 
and mortality in anaesthetised horses, most anaesthetists would agree that it is important 37 
to recognise and prevent or treat it. The favourable anatomical and physiological 38 
adaptations of the horse for exercise, adversely affect gas exchange once the animal is 39 
recumbent. Hypoxaemia is recognised more frequently than in other domestic species 40 
during general anaesthesia, although its incidence in healthy horses remains unreported. 41 
The management of hypoxaemia in anaesthetised horses is challenging and often 42 
unsuccessful. Positive pressure ventilation strategies to address alveolar atelectasis in 43 
humans have been modified for implementation in the recumbent anaesthetised horse, 44 
but are often accompanied by unpredictable and unacceptable cardiopulmonary adverse 45 
effects, and some strategies are difficult or impossible to achieve in adult horses. 46 
Furthermore, the anticipated beneficial effects of these techniques are inconsistent. 47 
Increasing the inspired fraction of oxygen during anaesthesia is often unsuccessful since 48 
much of the impairment in gas exchange is a direct result of shunt. Alternative 49 
approaches to the problem involve the manipulation of pulmonary blood away from 50 
atelectatic regions of lung to better ventilated areas. However, further work is essential, 51 
with particular focus upon survival associated with general anaesthesia in the horse, 52 
before any technique can be accepted into widespread clinical use. 53 
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Introduction 77 
For the equine anaesthetist, minimising patient mortality and morbidity remains a 78 
priority, and it is important to identify the causes to reduce the risk associated with 79 
anaesthesia. Mortality associated with anaesthesia in healthy horses varies between 80 
reports but can be as high as 0.9% (Young & Taylor 1993; Johnston et al. 2002; Bidwell 81 
et al. 2007; Dugdale et al. 2016). In animals with systemic disease, death rates are much 82 
higher (Pascoe et al. 1983; Johnston et al. 2002). General risk factors include the 83 
duration of anaesthesia with cumulative effects of hypotension, hypoxaemia and acid-84 
base derangements (Johnston et al. 2002). In the horse, general anaesthesia is frequently 85 
accompanied by impairment of pulmonary function and a resultant low arterial oxygen 86 
tension or partial pressure (PaO2), which is challenging to treat (Nyman & Hedenstierna 87 
1989; Nyman et al. 2012), although its incidence in the general horse population is 88 
unreported. In horses anaesthetised for colic surgery, the incidence of hypoxaemia 89 
(using a definition of PaO2 less than 80 mmHg (10.7 kPa)) has been reported as 90 
approximately 13% (Pascoe et al. 1983).  91 
Currently, evidence that hypoxaemia (defined as a PaO2 of less than 60 mmHg (8.0 92 
kPa)) occurring under general anaesthesia is harmful is sparse. The circulatory effects of 93 
experimentally induced hypoxaemia in anaesthetised horses have been described 94 
(Steffey et al. 1992; Whitehair et al. 1996). During halothane anaesthesia, heart rate and 95 
cardiac output increase but total peripheral resistance, arterial blood pressure and 96 
oxygen delivery decrease, regardless of ventilatory mode (Steffey et al. 1992). During 97 
periods of hypoxaemia, circulatory function is worse during controlled ventilation 98 
(Steffey et al 1992) and when halothane is used compared with isoflurane (Whitehair et 99 
al. 1996). Since global oxygen delivery is a function of cardiac output and oxygen 100 
content, a reduction in tissue oxygenation may occur during periods of hypoxaemia. 101 
Coronary blood flow increases by up to 35% in human volunteers subjected to arterial 102 
haemoglobin oxygen saturations (Sa02) of 70 – 75% (Grubbström et al. 1993). When 103 
the reserve is insufficient to meet demand, lactate is produced within the myocardium, 104 
which adversely affects metabolic, mechanical and electrical activity resulting in a fall 105 
in contractility and therefore, output, from the heart (Allen & Orchard 1987). It is 106 
logical to assume that similar effects occur within the equine myocardium during 107 
periods of acute hypoxaemia, although the coronary reserve of the horse is unknown.  108 
Brain function depends on a continuous supply of oxygen, as neurons do not have the 109 
ability to store it for later use. Brain injury in the face of hypoxia occurs because of: 110 
acidosis due to accumulation of lactic acid; intracellular accumulation of calcium; 111 
neurotoxic effects of excitatory neurotransmitters released in response to hypoxia; 112 
formation of oxygen reactive species (ROS) following re-oxygenation (Hopkins & 113 
Bigler 2001). Humans exposed to hypoxic environments experience loss of 114 
coordination, blurred vision, weakness and dizziness, which mimics mild brain injury, 115 
and the metabolic demand of neuronal tissue can increase by up to 15% during tasks 116 
that require cognitive function (Turner et al. 2015). Altered cognition in horses 117 
recovering from anaesthesia is likely to impact upon recovery quality, although this has 118 
not been documented or investigated.  119 
In humans, surfactant production within the lung is reduced or altered during periods of 120 
hypoxaemia (Vaporidi et al. 2005), and may contribute to the development of acute 121 
respiratory distress syndrome (ARDS). The effect of hypoxaemia on surfactant in the 122 
equine lung is not known. 123 
Hypoxaemia reduces calcium reuptake and release in the sarcoplasmic reticulum of 124 
skeletal muscle, decreasing cross-bridge activation and force output, possibly through 125 
lactate and hydrogen ion accumulation, or free radical production (Romer et al. 2006). 126 
Muscle oxygenation is reduced during experimentally induced hypoxaemia in 127 
anaesthetised horses (Portier et al. 2009), and hypoxaemia-induced muscle injury is 128 
worse when halothane is used to anaesthetise horses compared with isoflurane 129 
(Whitehair et al. 1996). These effects may have a significant impact upon the ability of 130 
a horse to stand following anaesthesia. 131 
 Adequate delivery of oxygen to a wound is essential for optimal healing and resistance 132 
to infection in humans (Gottrup 2004). A low PaO2 (less than 80 mmHg (10.7 kPa)) 133 
contributes to the development of surgical site infection in horses undergoing 134 
exploratory laparotomy (Costa-Farré et al 2014). Whilst wound breakdown and 135 
infection does not have direct relevance to anaesthetic risk, it may be linked to 136 
morbidity associated with perioperative hypoxaemia during general anaesthesia. 137 
It might be interpreted from the information presented in the previous discussion, that 138 
these deleterious effects of hypoxaemia on the brain, cardiovascular and pulmonary 139 
systems, and on wound healing and surgical site infection, are partly responsible for the 140 
high morbidity and mortality associated with equine anaesthesia. However, the affinity 141 
of equine haemoglobin for oxygen is greater compared with humans making direct 142 
comparisons problematic (Clerbaux et al. 1993). Clearly, further work is required in this 143 
area to be certain of the consequences of intraoperative hypoxaemia in anaesthetised 144 
horses. 145 
 146 
The horse at rest and during exercise 147 
Commenting upon animal experimentation in 1865, the physiologist Claude Bernard 148 
said ‘certain animals offer favourable anatomical arrangements or special susceptibility 149 
to certain influences’ (Bernard 1865). The anatomical arrangement of the equine thorax 150 
is such that the majority of the lung is situated in a dorsal position, on top of the 151 
abdominal viscera with a long, sloping diaphragm when the animal is standing, an 152 
anatomical adaptation in athletic species such as the horse. Once the animal is 153 
anaesthetised and turned on its back, this favourable arrangement becomes detrimental 154 
to pulmonary function, as most of the lung is now prone to compression (Hedenstierna 155 
et al. 2005). Thus, horses, more than any other domestic species, are susceptible to 156 
developing significant impairment of pulmonary function during recumbency and 157 
anaesthesia and a large right to left pulmonary shunt (Nyman et al. 2012). This 158 
pulmonary shunt has been estimated at 1% in standing horses and 19 and 33% in 159 
anaesthetised laterally and dorsally recumbent horses respectively (Nyman & 160 
Hedenstierna 1989). 161 
Blood flows preferentially to the caudo-dorsal lung field in standing horses at rest and 162 
during exercise, and vessel reactivity in the dorsal lung fields of the horse demonstrate 163 
enhanced endothelial mediated vasorelaxation, compared with vessels from ventral 164 
regions (Pelletier et al. 1998; Stack et al. 2014). This dorsal vasorelaxation favours 165 
improved perfusion in these well-ventilated regions. Despite this adaptation, during 166 
strenuous exercise, thoroughbred horses have a lower PaO2 than at rest (Nyman et al. 167 
1995; Bernard et al. 1996). This is due to increased oxygen extraction by the muscles 168 
and increased cardiac output, which reduces capillary transit time in the pulmonary 169 
circulation and limits diffusion of oxygen (Funkquist et al. 1999; Roberts et al. 1999). 170 
This implies a lack of pulmonary adaptation in horses despite their athletic ability 171 
(Roberts et al. 1999). In the horse, the pulmonary artery is stiffer in caudodorsal regions 172 
of the lung and may be an adaptation to protect the vessel from high pressures during 173 
periods of intense exercise (Stack et al. 2014). However, this potentially alters the 174 
hypoxic pulmonary vasoconstrictive response to alveolar hypoxia leading to larger areas 175 
of VQ inequality. In contrast, ponies do not consistently become hypoxaemic during 176 
exercise (Parks and Manohar 1983; 1984), suggesting that their ventilatory response is 177 
able to match their smaller metabolic demand (Katz et al. 1999) but may not make 178 
ponies any less susceptible to hypoxaemia during general anaesthesia. However, despite 179 
the development of arterial hypoxaemia, hypercapnia and hypertension during exercise, 180 
autoregulation of cerebral and cerebellar blood flow is maintained (Manohar & Goetz 181 
1998). This suggests that the conscious horse is somewhat ‘protected’ against the effects 182 
of hypoxaemia, but the duration of intense exercise is usually short. This autoregulation 183 
of blood flow is attenuated during general anaesthesia with volatile anaesthetic agents, 184 
and with large concentrations of anaesthetic agent, autoregulation is abolished (Patel et 185 
al. 2015). In the face of arterial hypoxaemia, this will result in prolonged periods of 186 
neuronal hypoxia. 187 
In summary, despite favourable anatomical and physiological adaptations, horses 188 
experience short periods of hypoxaemia during intense exercise. These adaptations 189 
become unfavourable during anaesthesia and recumbency, leading to large areas of 190 
alveolar atelectasis. This, in combination with non-gravitational influences and stiff 191 
vessels, result in preferential caudodorsal lung perfusion and will worsen VQ inequality. 192 
Consequently, there can be protracted periods of hypoxaemia during general 193 
anaesthesia, with loss of autoregulation of cerebral blood flow, which may increase the 194 
risk of anaesthesia associated mortality and morbidity. 195 
 196 
Anaesthesia and Recumbency 197 
Although arterial oxygenation is near ideal in conscious standing horses at rest, 198 
recumbency induces postural changes, which lead to impaired oxygenation, 199 
compounded by the respiratory depressant effects of general anaesthesia. It is widely 200 
accepted that anaesthetised horses and ponies, whether lying in lateral or dorsal 201 
recumbency, will develop an increased [A-a]PO2, which may lead to hypoxaemia (Hall 202 
et al. 1968; Mitchell & Littlejohn 1974; Steffey et al. 1977; Schatzmann et al. 1982; 203 
Rugh et al. 1984; Stegmann & Littlejohn 1987; Gleed & Dobson 1988; Nyman et al. 204 
1988; Nyman et al. 1990; Steffey et al. 1990; Day et al. 1995). Dorsal recumbency, low 205 
pulse pressure, short procedures and emergent procedures were strong predictors of low 206 
(< 80 mmHg (10.7 kPa)) PaO2 values, and male horses were more likely to become 207 
hypoxaemic (Whitehair & Willits 1999). Whilst the authors could not explain the male 208 
effect, they speculated that inspired oxygen fraction was lowest at the start of 209 
anaesthesia and hence, shorter procedures were more likely to lead an increased [A-210 
a]PO2. Round-bellied horses have a greater [A-a]PO2 than their flat-bellied counterparts 211 
(Moens et al. 1995), and tall, light horses have improved oxygenation when compared 212 
with shorter and stockier animals (Mansel & Clutton 2008). Nevertheless, despite these 213 
potential associations, hypoxaemia does develop unpredictably in anaesthetised horses 214 
(Trim and Wan 1990) and further prospective investigations are necessary to identify 215 
definitive risk factors.  216 
Although multifactorial, the hypoxaemia observed is mainly a result of ventilation 217 
perfusion (VA/Q) inequality or ‘mismatch’ (Nyman & Hedenstierna 1989; Moens et al. 218 
1998; Nyman et al. 2012; Grubb et al. 2014). Hypoventilation during anaesthesia does 219 
not generally lead to hypoxaemia due to the administration of oxygen enriched gas 220 
mixtures (West 2005), but will lead to varying degrees of hypercapnia (Moens 1989). 221 
The VA/Q mismatch is largely due to atelectasis of dependent lung regions during 222 
recumbency (Nyman et al. 1990). Radiographic studies have shown that diffuse 223 
radiopaque densities develop in the dependent lung in laterally recumbent horses, 20 224 
minutes following induction to general anaesthesia (McDonnell et al. 1979; Nyman et 225 
al. 1990). The radiographic densities that develop have been shown on necropsy to be 226 
regions of atelectatic lung, which can be eliminated by large volume inflations (Nyman 227 
et al. 1990), in a manner similar to humans (Rothen et al. 1993; Rothen et al. 1999). 228 
These areas appear small when studied using CT, but comprise as much as 4 times the 229 
lung tissue as aerated regions (Reber et al. 1996). There are 3 mechanisms of atelectasis 230 
described - compression atelectasis occurs when the transmural pressure is reduced 231 
leading to alveolar collapse; absorption atelectasis which occurs when gas entering 232 
alveoli is less than that being absorbed into the blood; and loss of surfactant which will 233 
also result in atelectasis due to alteration in alveolar distension (Magnusson & Spahn 234 
2003). In the horse however, compression atelectasis has been determined as the major 235 
cause, contributing up to 20% or 30% of total lung tissue in lateral and dorsal 236 
recumbency, respectively (Sorenson & Robinson 1980; Nyman & Hedenstierna 1989). 237 
Cranial displacement of the diaphragm occurs in the spontaneously breathing, 238 
anaesthetised horse (Benson et al. 1982), and functional residual capacity (FRC) is 239 
reduced by up to 50% when compared to the animal standing (McDonnell et al. 1979, 240 
Sorenson & Robinson 1980). The closing capacity of the lung may exceed FRC and 241 
lead to airway collapse (Sorenson & Robinson 1980). The atelectatic regions are larger 242 
than those in other species, and this is mirrored by greater gas exchange impairment, as 243 
determined by calculating shunt fraction (Nyman et al. 1990). Furthermore the 244 
magnitude of CT densities observed during general anaesthesia correlates well with the 245 
degree of shunt or venous admixture (Nyman et al. 1990). Predominantly, it is these 246 
areas of shunt, together with areas of lung with ‘low’ VA/Q ratios, which contribute 247 
most significantly to the observed [A-a]PO2 gradient. Areas of ‘high’ VA/Q ratios, or 248 
alveolar deadspace, contribute little, since perfusion to these areas is poor. 249 
 250 
Treatment of Hypoxaemia 251 
Hypoxaemia during anaesthesia may be successfully treated, by using positive pressure 252 
ventilation (PPV) strategies, by increasing the inspired oxygen fraction, and by 253 
administering drugs or other gases. However, hypoxaemia in the recovery stall may be 254 
more problematic because it is not recognised or measured, is difficult to prevent and 255 
treat and is made worse by repeated attempts to stand.  256 
1. Ventilatory Strategies 257 
In the past it has been documented that PPV, administered from the outset of 258 
anaesthesia, can lead to improved arterial oxygenation (Hall et al. 1968; Moens 2013). 259 
However, detrimental effects of positive intra-thoracic pressure have long been known 260 
(Cournand et al. 1948; Hodgson et al. 1986; Mizuno et al. 1994; Raisis et al. 1995). 261 
Cardiac output is reduced due to reduced preload (compression of the vena cava and 262 
impedence to cardiac filling), and pulmonary perfusion falls (Hodgson et al. 1986). In 263 
isolated lung preparations, positive pressure has also been demonstrated to force blood 264 
to more dependent areas of non-ventilated lung (West et al. 1964), which may worsen 265 
shunt (Bindslev et al. 1981). Overall, this may lead to reductions in tissue oxygen 266 
delivery. Mechanical ventilation in itself can cause atelectasis as a result of alveolar 267 
damage and the mechanisms are varied: alveolar wall damage through the development 268 
of shear stresses, and the squeezing out of surfactant molecules from small alveoli by 269 
rhythmic compression and decompression of the alveolar lining (Lachmann 1992). 270 
Techniques of differential lung ventilation have been described in order to manage 271 
reduced PaO2 in anaesthetised horses. Both independent PPV of each lung and the 272 
application of PPV with positive end-expiratory pressure (PEEP) to dependent regions 273 
of lung (rather than whole lung) via tracheotomy, improve PaO2 and reduces shunt 274 
fraction (Nyman et al. 1987; Nyman & Hedenstierna 1989; Moens et al. 1992; 1994), 275 
Neither of these techniques are suitable for standard clinical use but add to evidence that 276 
atelectasis is the cause of the increased [A-a]PO2 gradient observed. 277 
The open lung concept (OLC) is used to prevent or treat hypoxaemia in the human and 278 
serves to ‘open up the whole lung (with an alveolar recruitment manoeuvre) and keep it 279 
totally open, with the least influence on the cardiocirculatory system’ (Lachmann 1992). 280 
The technique should maintain a shunt fraction of less than 10%, at the minimum 281 
intrathoracic pressure, to prevent adverse effects, such as alveolar trauma and 282 
cardiovascular depression (Papadakos & Lachmann 2007). A renewed interest in a 283 
variety of PPV strategies has coincided with the development of technologies, which 284 
enable the anaesthetist to easily provide PEEP or continuous positive airway pressure 285 
(CPAP) to large animals. However, pressures necessary for recruitment of atelectatic 286 
alveoli are high and not easily achievable in the horse. Furthermore, it is difficult to 287 
maintain this pressure for the period of time necessary to have a significant effect on 288 
PaO2. Intermittent positive pressure ventilation (IPPV) with PEEP, without an initial 289 
alveolar recruitment manoeuvre, does not improve pulmonary function in horses 290 
anaesthetised for colic surgery (Pauritsch 1997). Therefore it is important that an initial 291 
recruitment manoeuvre is performed (Moens & Böhm 2011). A single hyperinflation of 292 
50 cmH2O for 50 seconds in anaesthetised horses provides only a small transient benefit 293 
in oxygenation (Santos et al. 2013). Applications of modified OLC (mOLC) techniques 294 
significantly improve PaO2 in healthy horses (Bringewatt et al. 2010), horses 295 
anaesthetised for exploratory laparotomy (Hopster et al. 2011), and healthy ponies 296 
(Wettstein et al. 2006). In the study by Hopster et al. (2011), the recruitment had to be 297 
repeated multiple times, with some horses not responding as anticipated, but the 298 
improvement in PaO2 persisted into recovery and recovery times were faster (but not of 299 
better quality). In the aforementioned investigations, MAP, cardiac output or both 300 
decreased. Incremental titration of PEEP up to 20 cmH2O significantly reduces cardiac 301 
output but does improve gas exchange (Ambrósio et al. 2013). As many of these studies 302 
involve clinical cases, anaesthetic techniques varied and some horses were supported 303 
with catecholamines making the exact effect of PPV on the cardiovascular system 304 
during general anaesthesia difficult to interpret. In one experimental study in 305 
anaesthetised healthy horses, cardiac output and blood pressure were significantly lower 306 
when mechanically ventilated, compared with those spontaneously breathing (Edner et 307 
al. 2005). In the latter study, muscle and skin perfusion were also adversely affected 308 
which may have implications postoperatively. Continuous positive airway pressure 309 
(CPAP) maintains positive airway pressure throughout the entire respiratory cycle 310 
during spontaneous breathing and serves to maintain functional residual capacity (FRC), 311 
prevent atelectasis and reduce shunt fraction (Cairo 2012). As intrathoracic pressures 312 
are lower than with other PPV techniques, cardiovascular function may be preserved. 313 
Anaesthetised horses supported with CPAP had significantly higher PaO2 values 314 
compared to horses without support and there were no differences in dobutamine 315 
requirement between the 2 groups (Mosing et al. 2013). Although the deleterious effects 316 
of PPV may not occur in all horses, it is impossible to predict those which may tolerate 317 
these strategies. PEEP reduces atelectasis but may worsen the degree of shunt, 318 
presumably by forcing pulmonary blood down into dependent regions and increasing 319 
the blood supply to the atelectatic region (West et al. 1964; Swanson & Muir 1988), but 320 
it may also improve gas exchange by virtue of maintaining alveolar integrity 321 
(Hedenstierna & Lattuada 2002; Ambrósio et al. 2013). The improvement in arterial 322 
oxygenation appears to be disproportionate to the level of PEEP and seems to be more 323 
effective in patients with high levels of venous admixture (Hewlett et al. 1974) and 324 
therefore is probably applicable to anaesthetised, dorsally recumbent horses. Optimal 325 
pressures and methods of recruitment which lead to benefits that outweigh the potential 326 
for harm, are questions yet to be answered and more controlled studies are essential to 327 
improve our understanding in this area. Additionally, it is likely that cardiovascular 328 
supportive drugs will be necessary when utilising these techniques to maintain tissue 329 
oxygen delivery. 330 
2. Inspired Oxygen Fraction 331 
The administration of approximately 100% oxygen (FiO2 1.0), can potentially 332 
contribute to VA/Q inequality by exacerbating alveolar collapse (absorption atelectasis) 333 
(Rothen et al. 1995). Normal PaO2 can be achieved in humans during routine 334 
anaesthesia with a FiO2 of 0.3 – 0.35 (Nunn 1964). If one assumes normal arterial 335 
PCO2, haemoglobin and arterial-mixed venous oxygen content difference, the PaO2 is 336 
largely determined by the inspired oxygen fraction and venous admixture (Lumb & 337 
Pearl 2010). At higher levels of venous admixture (higher shunt fraction), increasing the 338 
FiO2 has very little effect on the PaO2 (Benator et al. 1973). This goes some way to 339 
explain why PaO2 values do not rise appreciably when FiO2 is increased in some 340 
dorsally recumbent horses and is suggestive that these animals have large areas of 341 
atelectasis and shunt. Alveoli ventilated with air remain open for 8 – 9 hours, whereas 342 
those ventilated with 100% oxygen collapse within 8 minutes (Joyce et al. 1993). 343 
Recruited alveoli de-recruit within 5 minutes if the FiO2 is 1.0 compared with 40 344 
minutes if the FiO2 is 0.4 (Rothen et al. 1995). Furthermore, minute ventilation of 345 
horses increases as FiO2 is reduced (Pelletier & Leith 1995). Anaesthetised horses 346 
breathing high oxygen concentrations (FiO2 > 0.85) hypoventilate more and have 347 
increased atelectasis and shunt fraction than those breathing lower FiO2 of 0.21 - 0.3 348 
(Cuvelliez et al. 1990; Marntell et al. 2005). Adequate PaO2 values were achieved in 349 
anaesthetised horses in lateral recumbency breathing a variety of FiO2 values (0.25 – 350 
0.9) by mixing oxygen with helium (Staffieri et al. 2009). Further work using this 351 
technique in dorsally recumbent horses is warranted since this position affects 352 
pulmonary function more. Notably, reducing the FiO2 from > 0.95 to 0.5 during 353 
anaesthesia does not appear to change shunt fraction in dorsally recumbent, 354 
mechanically ventilated horses (Hubbell et al. 2011), so decreasing FiO2 partway 355 
through anaesthesia does not offer advantages. 356 
Breathing of oxygen enriched gas mixtures can lead to the production of ROS, which 357 
disrupt the activity of nitric oxide (NO), an endogenous pulmonary vasodilator, enhance 358 
vasoconstrictive mediators, and cause an increase in pulmonary vascular pressure (Mills 359 
& Higgins 1997). These ROS can also directly damage lung tissue by provoking an 360 
inflammatory response when antioxidants are overwhelmed, and pulmonary epithelial 361 
cells are particularly susceptible to oxidant injury (Mills and Higgins 1997). ROS have 362 
also been shown to inhibit receptor-dependent production of NO in the canine coronary 363 
endothelium (Seccombe et al. 1994). However, ROS-induced damage has not been 364 
demonstrable in anesthetised horses (Portier et al. 1999), but further work in this area is 365 
warranted. When anaesthetising horses it is prudent then to begin at lower FiO2 values 366 
(0.3) whilst monitoring PaO2, to encourage adequate spontaneous ventilation and limit 367 
the development of ROS. Identification of hypoxaemia should be treated initially by 368 
altering the FiO2. As compression atelectasis is the predominant cause of abnormal gas 369 
exchange in the horse rather than absorption atelectasis (Sorenson & Robinson 1980; 370 
Nyman & Hedenstierna 1989), steadily increasing FiO2 may not improve matters 371 
greatly (Benator et al. 1973) and other treatment may be necessary. 372 
3. Drug Therapy 373 
The β2 adrenergic agonists, clenbuterol and salbutamol (albuterol), have been 374 
administered to anaesthetised horses in an attempt to improve arterial oxygenation. Due 375 
to the limited number of studies, and conflicting results, clenbuterol is not 376 
recommended as the response appears to be unpredictable. Intravenous administration 377 
of clenbuterol can improve PaO2 (Keegan et al. 1991), worsen it (Dodam et al. 1993), or 378 
effect no change (Lee et al. 1998). It can result in an increase of heart rate and oxygen 379 
consumption, and lead to profuse sweating (Keegan et al. 1991; Dodam et al. 1993). An 380 
increase in heart rate in the face of hypoxaemia may result in myocardial hypoxia due to 381 
increased oxygen demand. 382 
Salbutamol is administered to horses using a metered dose inhaler. When given to 383 
horses with PaO2 values less than 70 mmHg (9.3 kPa), PaO2 increases significantly and 384 
sweating is observed (Robertson & Bailey 2002).  In a later investigation, in addition to 385 
increased PaO2, heart rate and cardiac output increased after salbutamol administration, 386 
prompting speculation that pulmonary perfusion was altered rather than ventilation 387 
(Patschova et al. 2010). However, adverse cardiovascular events (sinus and ventricular 388 
tachycardia and hypotension), suggestive of a significant systemic effect, with no 389 
improvement in PaO2 have also been described (Casoni et al. 2014). Currently, in 390 
equine anaesthesia, inhaled salbutamol is administered relatively commonly to treat 391 
hypoxaemia and clinical experience would suggest it is beneficial in many cases. 392 
Nevertheless, further investigations are required to determine its actual mechanism of 393 
action, optimal dose, repeatability and incidence of adverse effects. 394 
4. Nitric Oxide (NO) 395 
In 1987, Palmer et al. described the relaxant effect of NO on the vascular endothelium, 396 
and a variety of systemically administered vasodilators are known to have their 397 
therapeutic effect by causing the release of nitric oxide in order to mimic its effect 398 
(Frostell et al. 1991). However, this systemic administration causes generalised 399 
vasodilation resulting in peripheral hypotension (Frostell et al. 1991), and are therefore 400 
unsuitable for selective pulmonary vasodilation.  401 
The therapeutic use of inhaled nitric oxide gas (iNO) results in selective pulmonary 402 
vasodilation (Gerlach et al. 1993; Nyman et al. 2012). Administration of iNO to 403 
conscious lambs reversed hypoxic pulmonary vasoconstriction without systemic effects 404 
(Frostell et al. 1991), and reduced pulmonary arterial pressure to improve VQ matching 405 
in neonatal pigs (Nelin et al. 1994). Nitric oxide is used in ARDS in humans to 406 
selectively improve the perfusion of ventilated regions of lung and reduce 407 
intrapulmonary shunting (Bigatello et al. 1994), and iNO during one lung ventilation 408 
diverts blood away from the hypoxic lung (Hambraeus-Jonzon et al. 1998). 409 
The effects of iNO are restricted to the pulmonary circulation because excess NO binds 410 
tightly to oxyhaemoglobin and is rapidly removed from the alveolus by the formation of 411 
methaemoglobin and nitrite (Wennmalm et al. 1993). However, high doses of iNO can 412 
lead to lethal methaemoglobinaemia and pulmonary oedema (Gerlach et al. 1993). 413 
Excess NO in the breathing circuit, or recirculation of exhaled NO, readily combines 414 
with oxygen to form nitrogen dioxide (NO2). Pulmonary injury occurs in a dose-415 
dependent manner when even low concentrations of NO2 are inhaled, and may result in 416 
diffuse injury and oedema (Elsayed 1994). If iNO is given as a pulse (PiNO) early in 417 
inspiration it is almost completely absorbed (92%) and does not appear to build up 418 
within the breathing circuit (Heinonen et al. 2000). Furthermore, toxicity from iNO can 419 
be eliminated if the dose administered is below 30 ppm, and the National Institute for 420 
Occupational Safety and Health has set a time-weighted average NO value of 25 ppm.  421 
The administration of iNO to humans with severe acute ARDS produces conflicting 422 
results, with some studies showing little effect at all (Rossaint et al. 1995; Brett et al. 423 
1998), or even reductions in arterial oxygenation (Barberà et al. 1996). If iNO is 424 
administered (10 ppm constantly for 20 minutes) to anaesthetised spontaneously 425 
breathing horses, venous admixture (shunt fraction or Q̇s/ Q̇t) does not change 426 
significantly (Young et al. 1999). However, the administration of PiNO in the first half 427 
of inspiration, to anaesthetised horses during both spontaneous and controlled 428 
ventilation improves Q̇s/ Q̇t (Heinonen et al. 2001; 2002) and, when given in the first 30 429 
– 43% of inspiration, the largest peak in PaO2 occurs and reduces Q̇s/ Q̇t from 32 to 25% 430 
(Nyman et al. 2012). If delivery of PiNO is delayed and delivered during the second 431 
half of inspiration the effect is lost (Heinonen et al. 2002). Longer duration (or 432 
continuous delivery) and later pulses, deliver NO to boundary regions, which lie 433 
between the ventilated and atelectatic areas and counteracts hypoxic pulmonary 434 
vasoconstriction, increasing Q̇s/ Q̇t (Heinonen et al. 2000). The effect of PiNO does 435 
persist into the recovery period following 2.5 hours of treatment (Grubb et al. 2008), 436 
which was in contrast to earlier work (Heinonen et al. 2001). This information is 437 
pertinent as hypoxaemia has been identified in recumbent horses recovering from 438 
general anaesthesia (Mason et al. 1987; McMurphy & Cribb 1989), and therefore some 439 
persistence of the effect of PiNO is very useful. One major concern with PiNO therapy 440 
is a rebound increase in endogenously released endothelin-1 (ET-1), a pulmonary 441 
vasoconstrictor, which would reverse the beneficial effects of PiNO by reducing 442 
pulmonary perfusion. Hypoxaemia increases the secretion of ET-1 (Cargill et al. 1995) 443 
and therefore we can speculate that alleviation of hypoxaemia by administering PiNO 444 
reduces ET-1 concentrations although this has yet to be conclusively proven (Grubb et 445 
al. 2013a). No increase in ET-1 concentrations has been found in horses receiving PiNO 446 
(Grubb et al. 2008; 2013a; 2013b). The improvements in PaO2 and Q̇s/ Q̇t as a result of 447 
PiNO administration occur because of ‘en masse’ movement of blood against gravity 448 
from dependent, and presumably atelectatic lung, to non-dependent, ventilated lung 449 
(Grubb et al. 2014). This study was limited by the small number of animals due to the 450 
complexity of the experimental technique and further work is necessary to demonstrate 451 
this conclusively. Refinement of the PiNO technique must ensure the smallest 452 
concentration of NO possible is delivered to the horse, that the NO is delivered to the 453 
correct alveoli, and that NO2 does not build up in the rebreathing circuit. More 454 
information is required before the technique can be adopted into clinical practice. As the 455 
equipment essential to deliver NO in this way to anaesthetised horses is specialised and 456 
prototypical, currently it remains unsuitable for clinical application. Nevertheless, 457 
manipulation of pulmonary perfusion in this way appears to be an attractive therapeutic 458 
intervention. 459 
 460 
Conclusion 461 
The mortality and morbidity associated with general anaesthesia in the horse remains 462 
unacceptably high. Whilst the horse has favourable anatomical and physiological 463 
adaptations for athletic exercise, these become unfavourable during recumbency 464 
induced by anaesthesia. Although we know, or at least can surmise, why horses die as a 465 
result of anaesthesia, we cannot always prevent these circumstances from occurring. 466 
Hypoxaemia is a common complication in the anaesthetised horse, which is easy to 467 
recognise but very challenging to treat. There have been many attempts at improving 468 
VA/Q matching in the hope of alleviating the severity of hypoxemia. Many of these 469 
interventions target ventilation and can be associated with unpredictable adverse effects, 470 
Alternative treatment methods aim to change perfusion instead. Before any of the 471 
techniques described in this review can be accepted into widespread clinical use, 472 
additional evidence is necessary to demonstrate consistent beneficial effects and to 473 
ascertain their influence on the survival of horses undergoing general anaesthesia. 474 
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